Abstract: New data on the propagation rate coefficient, k p , of vinyl acetate (VAc) are obtained via the IUPAC recommended method of pulsed laser polymerizationsize exclusion chromatography (PLP-SEC) operated at 500 Hz laser repetition rate. An apparent dependency of the experiment's outcome on the laser pulsing rate is identified with k p being about 25 % larger at 500 Hz compared to 100 Hz. The temperature dependence of k p was determined to fit ln k p = 17.12 -2621 K/T; data is in generally good agreement with literature values when the previous underestimation of k p by 100 Hz laser pulsing experiments is taken into account.
Introduction
One of the most important monomers in industrial applications is vinyl acetate (VAc). Large scale processes entail detailed knowledge on the kinetics of the reactions to allow for predictability of the product properties and for refinement of the production. While for most monomers relatively detailed information are available at least for the key reactions of initiation, propagation and termination, only limited data are generally available on VAc, which is due to the high instability of the propagating radicals leading to very high radical termination rates complicating kinetic investigation.
The kinetics of free-radical polymerization are best probed via the so-called pulsed laser polymerization (PLP) methods, where polymerizations are started via firing a UV-laser pulse into a solution of monomer and photoinitiator [1] . When coupled with size exclusion chromatography (SEC), propagation rate coefficients, k p , can be determined to high accuracy via correlating peak molecular weights with the time between two consecutive laser pulses (as by incidence of a laser pulse not only new chains are started, but also most of the radicals present from the preceding pulse are almost instantaneously quenched). In fact, this method has been recommended by the IUPAC as the method of choice [2] . Since this recommendation, a series of papers was published providing benchmark values for styrene, methacrylates and butyl acrylate by collating data from different workgroups and combining them to one, statistically more robust data set [2] [3] [4] [5] [6] . For vinyl acetate, data on k p are so far only available from one workgroup, i.e. Hutchinson and coworkers [7, 8] . They reported k p for bulk vinyl acetate polymerization in the range from 10 °C to 60 °C, noting on the need of high pulse frequencies to obtain reasonable structuring of the characteristic molecular weight distributions due to the rapid loss of radicals at short delay times after pulse initiation [8] .
For the determination of k p (Vac) a 100 Hz laser system was employed. Since that time a new generation of high-frequency (excimer) pulse lasers has been developed that operate at a suitable wavelength and sufficient laser energy. Recently, we demonstrated how such a laser system can improve the quality of PLP experiments simply by the faster pulsing action and highly accurate propagation rate coefficients for the secondary radical in butyl acrylate polymerization have become available for the temperature range of up to 75 °C [9] . Before that, only temperatures up to room temperature were able to be covered by 100 Hz lasers. As the quality of data could be improved so dramatically, it appears mandatory to also apply 500 Hz PLP to other monomers that have been proven to be difficult to investigate before. VAc most certainly is one of the more difficult-to-measure monomers, thus we reassessed k p in the temperature range of 5 °C to 70 °C (higher temperatures could not be studied due to the boiling point of the monomer at 72 °C), which data we present herein. As a further motivation, it seemed necessary to provide a second dataset and to confirm the old data from Hutchinson and colleagues in order to remove any existing doubt on the exact k p that was left from the difficulties of obtaining well-structured MWD at the higher temperatures. Before faster pulsing lasers were introduced such attempt would have resulted in data of the same quality, a situation that can now be significantly improved.
Results and discussion
In the PLP-SEC technique, laser pulses are applied at a constant pulse repetition rate to a (photo-)polymerizable monomer solution. With each laser pulse a large population of primary radicals is generated that initiate chain growth while at the same time growing chains that had been started after the preceding laser pulse are terminated. In case laser pulses are applied at a sufficient frequency, most polymer visible in size exclusion chromatography will consist of material terminated by the laser pulsing action and not via conventional background termination. Hence, the average chain length of the polymer will reflect the number of propagation steps that have occurred between two consecutive laser pulses. However, firing the laser does not terminate the entire macroradical population and thus few radicals survive for two or even more cycles of primary radical generation forming overtones of the targeted molecular weight distribution. The multimodal molecular weight distributions (MWDs) can be best analyzed by determining the points of inflection which specific molecular weights are then given by:
where L i = M i /M Monomer and i = 1,2,3,… with M Monomer being the molar mass of one monomer unit, M i the specific molecular weight at the inflection points i, c M monomer concentration and  the laser pulse repetition frequency. A typical result from a PLP-SEC experiment is shown in Fig. 1 . Fig. 1 . depicts the molecular weight distribution of polyVAc produced by PLP at 500 Hz laser repetition. The MWD shows multimodality and via the first derivative of the distribution four characteristic points of inflection M i are observed. From each point, k p can individually be obtained allowing for an inherent consistency checks of the experiment (see detailed discussion below), which is one of the reasons for the high reliability of the technique.
Fig. 1. Molecular weight distribution and its first derivative of polyVAc produced by PLP from bulk solution containing 5·10 -3 mol·L -1 photoinitiator. The pulse repetition rate was 500 Hz and reaction temperature was set to 20 °C.
The IUPAC working party "Modelling of Polymerization Kinetics and Processes" defined criteria for a good PLP experiment [2] . In order to arrive at reliable k p data they suggested that experiments should be carried out multiple times to test for reproducibility, at different pulse rates to check whether the expected shifts of L i occur and for influences from initiating radical concentrations by varying either the photoinitiator concentration or laser energy, respectively. Most importantly, they defined that only PLP structures that show at least two distinct points of inflection can be used to derive k p as a single maximum as it could be too easily affected by underlying background polymer. In the previous work on PLP of VAc especially the last criterion was found to be difficult to fulfill as only at the highest accessible rate of 100 Hz reasonable PLP structuring of the MWDs was obtained. Also, just from analyzing the first point of inflection of the distributions, an apparent dependency of the propagation rate on the laser repetition rate was seen which is in contradiction to theory. Photoinitiator concentrations variations were performed and best results were obtained for low radical concentrations. The fact that the quality of the experiment improves with decreasing radical burst concentration may be explained by the thereby reduced level of termination resulting in less background polymer interfering with the desired chain-length distribution. Based on these results we have performed all experiments at a moderate initiator concentration of 5·10 -3 mol·L -1 combined with low laser intensities (typically around 1.5 mJ·pulse The results from variation of the pulse repetition frequency are shown in Fig. 2 . Molecular weight distributions and their derivatives deduced for polyVAc samples made at 40.5 °C with pulse rates of 100 to 500 Hz are depicted. Apparent k p values deduced from these structures making use of the first point of inflection are given in Table 1 . The sample made at 500 Hz irradiation shows excellent structuring of the distribution and even in the MWD a clear multimodality is observed, which is reflected by occurrence of three distinct points of inflection. When the laser repetition rate is lowered, the full distribution shifts, as expected, toward higher masses. Concomitantly, less structuring is observed and the distribution taken at 100 Hz does not show a clear second point of inflection in the derivative, merely a shoulder on the first peak. This observation is in good agreement with the data by Hutchinson et al. keeping in mind that they used lower radical initiator concentrations to refine the method and thus arrived at slightly better structured material [8] . The most important conclusion from the frequency variation is however drawn from the apparent k p that is deduced from the above PLP samples. With decreasing frequency, the apparent propagation rate coefficient, k p , app , is also decreased. While no large difference is seen between 500 and 250 Hz, a k p , app that is 25 % lower than k p deduced from the 500 Hz experiment is observed. The decrease in k p, app -although only few data points have been measured -follow a very clear trend underpinning the statistical significance of this observation and at the same time prove how important it is to use the highest accessible pulse rate in order to obtain reliable k p . The change of the result with pulse frequency might be attributed to the conventional termination present in the system overlapping the PLP-structured polymer. Alternatively, occurrence of backbiting/transfer to polymer reactions [10] as commonly observed in acrylate polymerizations would also explain the decrease in apparent k p [11] . While the secondary nature of the propagating radical chain end would indeed allow for formation of more stabilized tertiary radicals on the polymer backbone, no indication for such reactions occurring to larger extent have been found before. Theis et al. evaluated the extent of transfer reactions occurring via determination of the reaction order with respect to monomer concentration [12] . Deviations of this number from ideal behaviour (reaction order unity) can be traced back to the transfer reactions and it can thus be used as a qualitative measure [13] . However, for vinyl acetate numbers close to unity were observed indicating that midchain radicals play a much smaller role than in acrylate systems. Also the fact that reasonable PLP structures are found in the entire temperature range covered (see below) is a good indication that such reactions do not play a major role, even if they do occur. . This may indicate that some side reaction becomes more influential with increasing temperature. With regards to the possible explanation of transfer-to-polymer reactions being responsible for the apparent change of k p with the pulse frequency, this might be taken as further indication that such reactions do occur to little extent as similar (and somewhat more dramatic) changes in the structuring of the polymer samples with increasing temperature is observed in acrylate polymerizations [9] . [8] . Thus, as the activation energy is very close to the value determined in this work, the earlier data is shifted by a constant factor toward lower values by about 20 to 25% (the slightly lower activation energy does cause a larger difference when just A is looked at). This slight discrepancy is in overall good agreement with the observation made in Fig. 2 and Tab. 1, respectively, and may hence be explained by the use of a different laser pulse repetition rate. So while the data obtained from the high frequency PLP largely gives general support to the previously used k p data, a slight correction of these numbers to higher values is required.
Conclusions
A new dataset for the temperature dependence of the propagation rate coefficient k p was obtained for the monomer vinyl acetate via high-frequency pulsed laser polymerization at 500 Hz. The higher frequency (compared to 100 Hz previously employed) allows for a higher accuracy of the measurement and resulted in about 20 to 25 % larger rate coefficients than that were in use so far. PLP-SEC of vinyl acetate shows an apparent dependency of the result on the employed laser repetition frequency indicating the occurrence of side reactions to some extent (an observation that is also supported by the loss of a third inflection point at 70 °C). The PLP carried out showed good reproducibility and featured molecular weight structures with numerous defined inflection points, thus fulfilling the most important consistency criterion (among others) as recommended by the IUPAC. We therefore recommend using the relation ln k p (L·mol -1 ·s -1 ) = 17.12 -2621 K/T to deduce VAc propagation rate coefficients for future reference.
Experimental part

Materials
Vinyl acetate (VAc, Fluka, 99%) was freed from the inhibitor by distillation under reduced pressure. 2,2-dimethoxy acetophenone (DMPA, Aldrich, 99 %) was used as received.
Pulsed Laser Polymerization
Bulk monomer solutions of VAc containing 5·10 −3 mol·L −1 initiator were transferred into sample vials (containing about 0.2 mL of reaction solution each) and sealed with rubber septa. Oxygen was removed by purging the samples with nitrogen for about 2 min. The sample vial was then put into a stainless steel sample holder that was brought to temperature by a thermostat (VWR 1196 D). Temperature was measured directly at the sample. The samples were allowed to equilibrate in temperature for about 5 minutes and were initiated by laser pulsing at constant repetition rates of up to 500 Hz. Laser initiation was done by a Xantos XS-500 operated at the XeF-line of 351 nm. The laser beam, which was adjusted to energy of about 1.5 mJ/pulse hitting the sample, was redirected to illuminate the vial from the bottom. Depending on temperature, between 1000 and 30000 laser pulses were applied to each sample. After polymerization, hydroquinone/methanol solution was added to the samples, which were subsequently put for evaporation of the solvent and monomer in a vacuum oven. Monomer conversion was determined gravimetrically. Monomer densities were calculated via  /g·mL -1 = 0.9593-0.00134·/°C as determined by Barudio et al [14] .
Molecular Weight Analysis
For the determination of molecular weight distributions (MWD), a Varian system, comprising an auto injector, a Polymer Laboratories 5.0 m bead-size guard column, followed by three linear PL columns (PLgel 5 m MIXED-C) and a differential refractive index detector using THF as the eluent at 35 °C with a flow rate of 1 mL·min -1 was used. The SEC system was calibrated using narrow polystyrene standards ranging from 160 to 6·10 6 g·mol -1
. The resulting molecular weight distributions were recalibrated using Mark-Houwink parameters for poly(vinyl acetate) (K = 15.6·10 -5 dL g -1 ,  = 0.0.708) [15] and for polystyrene (K = 14.1·10
-5 dLg -1 and  = 0.70) [16] .
